single exercise bout can increase insulin-independent glucose transport immediately postexercise and insulin-dependent glucose transport (GT) for several hours postexercise. Akt substrate of 160 kDa (AS160) and TBC1D1 are paralog Rab GTPase-activating proteins that have been proposed to contribute to these exercise effects. Previous research demonstrated greater AS160 and Akt threonine phosphorylation in rat skeletal muscle at 3-4 h postexercise concomitant with enhanced insulin-stimulated GT. To further probe whether these signaling events or TBC1D1 phosphorylation were important for the enhanced postexercise insulin-stimulated GT, male Wistar rats were studied using four experimental protocols (2-h swim exercise, differing with regard to timing of muscle sampling and whether food was provided postexercise) that were known to vary in their influence of insulinindependent and insulin-dependent GT postexercise. The results indicated that, in isolated rat epitrochlearis muscle, 1) elevated phosphorylation of AS160 (measured using anti-phospho-Akt substrate, PAS-AS160, and phosphospecific anti-Thr 642 -AS160, pThr 642 -AS160) consistently tracked with elevated insulin-stimulated GT; 2) PAS-TBC1D1 was not different from sedentary values at 3 or 27 h postexercise, when insulin sensitivity was increased; 3) insulinstimulated Akt activity was not increased postexercise in muscles with increased insulin sensitivity; 4) PAS-TBC1D1 was increased immediately postexercise, when insulin-independent GT was elevated, and reversed at 3 and 27 h postexercise, when insulin-independent GT was also reversed; and 5) there was no significant effect of exercise or insulin on total abundance of AS160, TBC1D1, Akt, or GLUT4 protein with any of the protocols. The results are consistent with increased AS160 phosphorylation (PAS-AS160 or pThr 642 -AS160) but not increased PAS-TBC1D1 or Akt activity, which is important for increased postexercise insulin-stimulated GT in rat skeletal muscle. They also support the idea that increased TBC1D1 phosphorylation may play a role in the insulin-independent increase in GT postexercise.
A SINGLE BOUT OF EXERCISE leads to a subsequent increase in insulin-stimulated glucose transport (7, 9, 22, 40) . The postexercise increase in insulin sensitivity is attributable to increased insulin-stimulated GLUT4 cell surface localization (24) . However, many studies have found that prior exercise has no effect on proximal insulin-signaling steps, including insulin receptor binding (4, 5, 55) , insulin receptor tyrosine phosphorylation (24, 26, 47, 53) , insulin receptor tyrosine kinase activity (46, 47, 52) , insulin receptor substrate tyrosine phosphorylation (24, 26, 54) , insulin receptor substrate-associated phosphatidylinositol-3-kinase activity (46, 53) , and Akt serine phosphorylation (1, 16, 23, 46, 52) .
The Rab GTPase-activating protein (Rab GAP) Akt substrate of 160 kDa (AS160; also known as TBC1D4) is the most distal signaling protein that has been implicated in insulinmediated glucose transporter 4 (GLUT4) translocation (8, 32, 42, 43) . Arias et al. (1) found that phosphorylation of AS160 is greater in insulin-stimulated muscles from exercised (3-4 h postexercise) rats compared with sedentary controls. However, this increase was not because of greater insulin sensitivity for AS160 phosphorylation. Rather, it was because the baseline phosphorylation of AS160 in the absence of insulin remained increased 3-4 h postexercise. In other words, basal AS160 phosphorylation remained higher at 3-4 h postexercise compared with resting, and this elevated baseline accounted for the greater AS160 phosphorylation found in muscles that were subsequently stimulated with insulin. This observation is also supported by results in humans that indicated that skeletal muscle AS160 phosphorylation can remain elevated for 2-14 h postexercise without elevated insulin (17, 44, 49) . Arias et al. (1) proposed that the persistent increase in insulin-stimulated glucose transport is attributable, at least in part, to the sustained increase in AS160 phosphorylation after acute exercise.
Phosphorylation of TBC1D1, a paralog Rab GAP of AS160, may also regulate GLUT4 translocation (10, 28, 41) . In skeletal muscle, TBC1D1 phosphorylation is increased in response to insulin (19, 45) , contraction (3, 18, 19, 45) , or incubation with the AMP-activated protein kinase (AMPK) activator 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR) (45) . However, it is unknown whether TBC1D1 phosphorylation is increased in response to in vivo exercise. The relationship between TBC1D1 phosphorylation and the postexercise increase in insulin-stimulated glucose transport has also not been investigated. Experiments using 3T3-L1 (10) or L6 (28) cells suggest that, although insulin can induce TBC1D1 phosphorylation, TBC1D1's inhibitory effects on GLUT4 translocation may not be subject to regulation by insulin. It remains possible that TBC1D1 participates in GLUT4 trafficking induced by insulin-independent stimuli, e.g., in vivo exercise.
Consistent with previous reports (12, 16, 23, 46, 52) , Arias et al. (1) found that insulin-stimulated Akt serine phosphorylation (pSerAkt) was not enhanced at 3-4 h postexercise. However, in the same muscles, insulin-stimulated Akt threonine phosphorylation (pThrAkt) was greater at 3-4 h postexercise compared with sedentary controls. The insulin-stimulated phosphorylation of two Akt substrates (GSK-3 and AS160) was not greater at 3-4 h postexercise, suggesting that greater insulin-stimulated pThrAkt after exercise did not result in greater Akt activity. Nonetheless, it would be important to determine whether this prediction is true, because enhanced insulin-stimulated Akt activity could potentially contribute to increase insulin sensitivity.
To further probe the possible functional importance of AS160, TBC1D1, and Akt for the postexercise increase in insulin-stimulated glucose transport, we used four experimental protocols (differing with regard to the timing of muscle sampling and whether food was provided postexercise) that were known to vary in their influence on insulin-independent and insulin-dependent glucose transport after exercise (male Wistar rats, 2-h swim exercise). We hypothesized that the protocols with enhanced insulin-dependent glucose transport after exercise would be accompanied by increased AS160 phosphorylation and that protocols without enhanced insulindependent glucose transport after exercise would not be characterized by elevated AS160 phosphorylation. We also hypothesized that increased TBC1D1 phosphorylation for exercised vs. sedentary groups would be found in protocols with elevated insulin-independent glucose transport but not in protocols with an exercise effect on insulin-dependent glucose transport. We further hypothesized that the increased pThrAkt found in insulin-stimulated skeletal muscle at 3 h postexercise would not be accompanied by an increase in Akt activity compared with sedentary controls. Animal treatment. Procedures for animal care were approved by the University of Michigan Committee on Use and Care of Animals. Male Wistar rats (ϳ140 -200 g; Harlan, Indianapolis, IN) were studied using four experimental protocols. In each protocol, rats were provided with rodent chow (Lab Diet; PMI Nutritional International, Brentwood, MO) and water ad libitum. At 1700 on the night before the experiments, rats were housed individually and provided ad libitum water and 4 g of chow each.
METHODS

Materials
On the following day, rats were randomly assigned to a postexercise (PEX) or sedentary (SED) treatment. Beginning at ϳ0900, PEX rats swam in a barrel filled with water (35°C) to a depth of ϳ60 cm (6 or 7 rats/barrel) for 4 ϫ 30 min bouts, with a 5-min rest period between each bout. The four experimental protocols differed for the PEX groups and their respective SED controls only with regard to 1) the time after completion of exercise when muscles were dissected out from anesthetized rats and 2) whether rats had access to chow after exercise. The eight groups (a PEX and a SED group for each protocol) were 1) anesthetized immediately postexercise without access to food after exercise (0-h PEX and 0-h SED), 2) anesthetized 3 h postexercise without access to food after exercise (3-h PEX and 3-h SED), 3) anesthetized 3 h postexercise with unlimited access to food after exercise (3-h PEX-chow and 3-h SED-chow), and 4) anesthetized 27 h postexercise without access to food after exercise (27-h PEX and 27-h SED). While the rats were under deep anesthesia, both epitrochlearis muscles were rapidly dissected out and either freeze-clamped immediately or transferred to vials for subsequent incubation.
Muscle incubations. For all incubation steps, flasks were continuously gassed from above with 95% O 2-5% CO2 and shaken in a heated water bath. Isolated epitrochlearis muscles were incubated in Krebs-Henseleit buffer (KHB) ϩ 0.1% bovine serum albumin (BSA) ϩ 8 mM glucose ϩ 2 mM mannitol (solution 1) for 30 min in a water bath at 35°C. During this step, one muscle from each rat was incubated in solution 1 supplemented with 50 U/ml of insulin, and the contralateral muscle was incubated in solution 1 without insulin. Insulin remained present at the same concentration throughout all subsequent incubations. After the initial incubation, muscles were transferred to vials containing KHB ϩ BSA ϩ 2 mM pyruvate ϩ 6 mM mannitol (solution 2) at 30°C for 10 min. Finally, muscles were transferred to flasks containing KHB, 0.1% BSA with 8 mM 3-MG (including 0.25 mCi/mmol [ 3 H]3-MG), and 2 mM mannitol (including 0.1 mCi/mmol [ 14 C]mannitol). After incubation with 3-MG for 15 min, the muscles were rapidly blotted on filter paper dampened with incubation medium, trimmed, freeze-clamped, and stored at Ϫ80°C until being processed as described below.
3-MG transport and protein phosphorylation. The procedures for 3-MG transport, immunoprecipitation, and immunoblotting were conducted as described previously (19) . For PAS-AS160, muscles were immunoprecipitated using anti-PAS, followed by immunoblotting by anti-AS160. For PAS-TBC1D1, muscles were immunoprecipitated using anti-TBC1D1, followed by immunoblotting by anti-PAS. The mean values for basal muscles (sedentary without insulin) on each blot were normalized to equal 1.0, and then all samples on the blot were expressed relative to the normalized basal value.
Akt activity measurement. Akt activity was determined according to the manufacturer's instructions (Upstate USA). Briefly, protein Gagarose beads were rotated overnight with anti-Akt/PH domain clone SKB1 (no. 05-591). The antibody/protein G-agarose mixture was combined with 300 g of protein from each sample and rotated for 2 h at 4°C. The antigen/antibody/protein G-agarose complex was combined with Akt substrate peptide (no. 12-340) and [␥-32 P]ATP (final concentration of 1 Ci/l) and shaken at room temperature for 60 min. Next, the complex was centrifuged (4,000 g for 1 min), and 40 l of supernatant was collected and transferred to phosphocellulose paper. After washes (3 times with 1.5% phosphoric acid and once with acetone), the phosphocellulose paper was transferred to a vial containing scintillation cocktail for scintillation counting. The mean values for basal muscles (sedentary without insulin) on each experiment day were normalized to equal 1.0, and then all samples were expressed relative to the normalized basal value.
Muscle glycogen concentration. Muscles used for measurement of glycogen were frozen immediately after dissection, weighed, and homogenized in ice-cold 0.3 M perchloric acid. An aliquot of the homogenate was stored at Ϫ80°C for later determination of glycogen concentration by the amyloglucosidase method (37) .
Statistical analysis. Statistical analyses were performed using Sigma Stat (San Rafael, CA) version 2.0. Data are expressed as means Ϯ SE. P Յ 0.05 was considered statistically significant. Data from the 3-h PEX and 27-h PEX experiments were analyzed with two-way ANOVA and the Student-Newman-Keuls post hoc test. When data failed the Levene Median test for equal variance, the Kruskal-Wallis nonparametric ANOVA on ranks was used with Dunn's post hoc test. The insulin-stimulated increases (⌬insulin) in glucose transport, protein phosphorylation, and Akt activity were calculated by subtracting the values for muscles incubated without insulin from the respective values of paired muscles incubated with insulin. Student's t-test was used for the analysis of glucose transport and protein phosphorylation for 0-h PEX experiments and ⌬insulin values for 3-h PEX and 27-h PEX experiments.
RESULTS
3-MG transport.
Insulin-independent glucose transport was ϳ2.3-fold greater (P Ͻ 0.05) for 0-h PEX rats compared with sedentary (0-h SED) controls (Fig. 1A) , and this increase was completely reversed at both 3 and 27 h postexercise (Fig. 1 , B-D). Insulin-treated muscles had a greater glucose transport than paired muscles incubated without insulin for all groups (Fig. 1, B-D) . PEX vs. SED groups that were not refed chow after exercise (Fig. 1 , B and D) had significantly greater glucose transport for insulin-stimulated muscles at both 3-h PEX (P Ͻ 0.001) and 27-h PEX (P Ͻ 0.01). Significant (P Ͻ 0.01) effects of prior exercise were also found for ⌬insulin glucose transport for the 3-h PEX (0.322 Ϯ 0.052
) and 27-h PEX (0.523 Ϯ 0.075 mol⅐g Ϫ1 ⅐15 min Ϫ1 ) vs. 27-h SED (0.240 Ϯ 0.068 mol⅐g Ϫ1 ⅐15 min Ϫ1 ) groups. The exercise effects on glucose transport by insulin-stimulated muscles and ⌬insulin glucose transport were lost with chow refeeding (Fig. 1C); i.e., there were no significant differences between the 3-h SEDchow (0.144 Ϯ 0.039 mol⅐g Ϫ1 ⅐15 min Ϫ1 ) and 3-h PEXChow (0.187 Ϯ 0.037 mol⅐ g Ϫ1 ⅐15 min Ϫ1 ) groups. Total protein abundance. The total protein abundance of AS160 (Fig. 2, A-D) , TBC1D1 (Fig. 2, E-H ), GLUT4 (data not shown), and Akt (data not shown) was unaltered by the experimental treatments (insulin or exercise; n ϭ 4 for each protein within every exercise and insulin treatment group) in every protocol studied (0-h PEX, 3-h PEX, 3-h PEX-chow, or 27-h PEX).
AS160 phosphorylation. Insulin treatment compared with no insulin resulted in significantly greater PAS-phosphorylation of AS160 (PAS-AS160) in all groups (Fig. 3, A-C) . Consistent with our previous study (1), PAS-AS160 in muscles incubated without insulin was significantly greater (P Ͻ 0.05) in the 3-h PEX compared with the 3-h SED group (Fig. 3A) . Also consistent with our previous study (1), PAS-AS160 in muscles incubated with insulin was significantly greater (P Ͻ 0.05) in the 3-h PEX compared with the 3-h SED group (Fig. 3A) . In contrast, PAS-AS160 was not different between 3-h SEDchow and 3-h PEX-chow groups with or without insulin during the incubations (Fig. 3B) . PAS-AS160 in muscles incubated without insulin was significantly greater (P Ͻ 0.05) in the 27-h PEX compared with the 27-h SED group (Fig. 3C) . PAS-AS160 in muscles incubated with insulin was also significantly greater (P Ͻ 0.05) in 27-h PEX compared with 27-h PEX group (Fig. 3C) . The ⌬insulin values were not significantly Fig. 1 . Rate of 3-O-methylglucose (3-MG) transport in isolated rat epitrochlearis muscles. A: rats anesthetized immediately postexercise without access to food after exercise (0-h PEX); B: rats anesthetized 3 h postexercise without access to food after exercise (3-h PEX); C: rats anesthetized 3 h postexercise with unlimited access to food after exercise (3-h PEX-chow); D: rats anesthetized 27 h postexercise without access to food after exercise (27-h PEX). For rats in the 0-h PEX and 0-h SED groups, all muscles that were used to measure 3-MG transport were incubated without insulin to determine the insulinindependent effect of exercise. For rats in the 3-h PEX, 3-h PEX-chow, and 27-h PEX groups and their respective sedentary controls (3-h SED, 3-h SED-chow, and 27-h SED, respectively), 1 of the paired muscles was incubated without insulin, and the contralateral muscle was incubated with insulin. A: data are meanss Ϯ SE; n ϭ 6/group. *P Ͻ 0.05 (exercise effect, t-test). different between SED and PEX rats for any of the groups (data not shown).
AS160 Thr 642 phosphorylation. AS160 Thr 642 phosphorylation was significantly elevated (P Ͻ 0.05) for the 0-h PEX compared with the 0-h SED group (Fig. 4A) . Insulin treatment compared with no insulin resulted in significantly greater pThr 642 -AS160 in all groups (Fig. 4, B-D) . Consistent with the results for PAS-AS160, pThr 642 -AS160 in muscles incubated without insulin was significantly greater (P Ͻ 0.001) in the 3-h PEX compared with the 3-h SED group (Fig. 4B ). Also consistent with the results on PAS-AS160, pThr 642 -AS160 in muscles incubated with insulin was significantly greater (P Ͻ 0.001) in the 3-h PEX compared with the 3-h SED group (Fig.  4B) . As was found with PAS-AS160, pThr 642 -AS160 was not different between 3-h SED-chow and 3-h PEX-chow groups (Fig. 4C) . The 27-h PEX group compared with the 27-h SED group had greater pThr 642 -AS160 with (P Ͻ 0.05) or without (P Ͻ 0.005) insulin (Fig. 4D) . The ⌬insulin values were not significantly different between SED and PEX rats for any of the protocols (data not shown).
TBC1D1 phosphorylation. PAS-phosphorylation of TBC1D1 (PAS-TBC1D1) was significantly elevated (P Ͻ 0.001) in 0-h PEX compared with 0-h SED rats (Fig. 5A ). This increase was completely reversed at 3 h postexercise, with or without refeeding, and at 27 h postexercise (Fig. 5, B-D) . Insulin treatment compared with no insulin resulted in significantly greater PAS-TBC1D1 in all groups (Fig. 5, B-D) . However, in contrast to PAS-AS160, PAS-TBC1D1 was not different for 3-h PEX, 3-h PEX-chow, or 27-h PEX compared with the respective sedentary controls (3-h SED, 3-h SEDchow, and 27-h SED) regardless of insulin concentration. The ⌬insulin values were also not significantly different between SED and PEX rats for any of the groups (data not shown).
Akt threonine phosphorylation. Insulin treatment compared with no insulin resulted in significantly greater pThrAkt in all groups (Fig. 6, A-C) . Consistent with our previous results (1), pThrAkt in muscles incubated with insulin was greater (P Ͻ 0.05) for the 3-h PEX group compared with 3-h SED controls (Fig. 6A) . Furthermore, there was also a significant (P Ͻ 0.05) increase for the 27-h PEX vs. the 27-h SED group (Fig. 6C) . Fig. 3 . AS160 phospho-(Ser/Thr) Akt substrate (PAS)-phosphorylation in rat epitrochlearis muscles. A: 3-h PEX; B: 3-h PEX-chow; C: 27-h PEX. One of the paired muscles from each rat was incubated without insulin, and the contralateral muscle was incubated with insulin. Data are means Ϯ SE; n ϭ 6 -13/group. *P Ͻ 0.05 (insulin effect, post hoc test); †P Ͻ 0.05 (exercise effect, post hoc test). Open bars, without insulin; filled bars, with insulin. The SE value for the basal 3-h SED group in Fig. 2A is too small to be visible. The ⌬insulin values were significantly greater for the 3-h PEX vs. 3-h SED and 27-h PEX vs. 27-h SED groups (P Ͻ 0.05). In contrast, neither the pThrAkt in muscles incubated with insulin ( Fig. 6B) nor the ⌬insulin values (data not shown) were significantly different between the 3-h SED-chow and 3-h PEX-chow groups.
Akt activity. Insulin treatment compared with no insulin resulted in significantly greater Akt activity (Fig. 6D) . Unlike pThrAkt, Akt activity for insulin-stimulated muscles was not significantly different between the 3-h SED and 3-h PEX groups. The ⌬insulin values were also not different between 3-h SED (0.831 Ϯ 0.173 relative units) and 3-h PEX rats (0.886 Ϯ 0.373 relative units).
Glycogen concentration. Epitrochlearis glycogen concentration (Table 1) was reduced by ϳ60% (P Ͻ 0.001) immediately postexercise (0-h PEX vs. 0-h SED). In the exercised groups that were not refed (3-h PEX and 27-h PEX), glycogen did not increase significantly above the 0-h PEX values. Glycogen values were also essentially unchanged for 3-h SED vs. 0-h SED, but there was an ϳ30% reduction (P Ͻ 0.05) for the 27-h SED group compared with the other sedentary groups that were not refed (0-h SED and 3-h SED). With this decline there was no significant difference for the 27-h SED compared with any of the exercised groups that were not refed (0-h PEX, 3-h PEX, and 27-h PEX). Glycogen, which was increased in the 3-h PEX-chow above all other groups (P Ͻ 0.05), was approximately fourfold greater than the 0-h PEX group and ϳ50% greater than the 3-h SED-chow rats. Chow refeeding did not significantly increase glycogen for the 3-h SED group compared with the 0-h SED or 3-h SED animals.
DISCUSSION
The results support the hypothesis that a sustained increase in AS160 phosphorylation, but not TBC1D1 phosphorylation, consistently occurs with protocols that cause a sustained postexercise increase in insulin-stimulated glucose transport. Specifically, the data 1) indicated an increased PAS-AS160 and pThr 642 -AS160 in skeletal muscle, with or without insulin, and enhanced insulin-stimulated glucose transport at 3 h postexercise in rats that were not refed; 2) extended the previously published results (1) by demonstrating the postexercise increase in PAS-AS160 and pThr 642 -AS160 together with increased insulin-stimulated glucose transport at 27 h postexercise in rats not refed; 3) demonstrated the elimination of increased PAS-AS160, pThr 642 -AS160, and increased insulinstimulated glucose transport at 3 h postexercise in rats that were refed; and 4) found that neither insulin nor exercise altered the total abundance of AS160, TBC1D1, Akt, or GLUT4 protein in any of the protocols tested. In addition, there was not a persistent increase in PAS-TBC1D1 at 3 or 27 h postexercise, supporting the idea that AS160 phosphorylation, rather than TBC1D1 phosphorylation, is important for improved insulin sensitivity after exercise. Furthermore, the lack of an increase in insulin-stimulated Akt activity after exercise indicates that this mechanism cannot account for the improved insulin sensitivity.
There was a persistent increase in basal (without insulin) AS160 phosphorylation in the 3-h PEX and 27-h PEX groups, and this higher baseline value accounted for the greater AS160 phosphorylation in insulin-stimulated muscles after exercise. What is a possible mechanism that could link the elevated AS160 phosphorylation without insulin with increased insulinstimulated glucose transport after exercise? It is important to recognize that AS160 does not regulate all of the steps required for GLUT4 to be redistributed from intracellular storage vesicles to the cell surface membranes, where they are able to facilitate glucose uptake (27, 51) . Studies in both 3T3-L1 adipocytes (2) and L6 myoblasts (38) suggest that AS160 phosphorylation is required for insulin-stimulated docking of GLUT4 vesicles to cell surface membranes. AS160 apparently does not regulate several of the other steps that are required for complete GLUT4 translocation and increased glucose transport rate, including the recruitment, tethering, and fusion of GLUT4 vesicles with surface membranes and possibly GLUT4 activation (2, 20, 27, 51) . We speculate that the persistent increase in AS160 phosphorylation in the absence of insulin results in a change in the localization of a portion of the GLUT4 vesicles so that they are more susceptible to the insulin-stimulated, AS160-independent steps of GLUT4 vesicle traffic. The idea is that the persistent increase in AS160 phosphorylation found several hours after exercise may serve to "prime the pump" so that, when the muscle is subsequently stimulated with insulin, there is a greater pool of GLUT4 that is susceptible to being recruited by a given amount of insulin. This scenario is similar to a mechanism that was previously proposed by Holloszy (25) . We propose that AS160-independent regulatory steps that become activated upon insulin stimulation, acting in concert with the persistent effect of exercise on AS160 phosphorylation, culminate in the enhanced postexercise insulin-stimulated GLUT4 translocation and glucose transport. This model does not exclude the possibility that prior exercise also amplifies insulin-signaling steps other than AS160 phosphorylation. In contrast to PAS-AS160 and pThr 642 -AS160, PAS-TBC1D1 was not different for the 3-h PEX, 3-h PEX-chow, and 27-h PEX groups compared with their respective sedentary control groups (3-h SED, 3-h SED-chow, and 27-h SED), demonstrating that enhanced PAS-TBC1D1 is not essential for the postexercise increase in insulin-stimulated glucose transport. It remains possible that there is a persistent effect of exercise on TBC1D1 by another mechanism such as phosphorylation on sites not recognized by the PAS antibody or changes in subcellular localization (10, 11, 41) . Therefore, we cannot rule out the possibility that TBC1D1 participates in the increased insulin-stimulated glucose transport after exercise. Nevertheless, the results suggest that 1) PAS-phosphorylation of TBC1D1 is not essential for increased insulin-stimulated glucose transport postexercise and 2) postexercise reversal of the increased phosphorylation of TBC1D1 and AS160 is regulated differently.
We confirmed the previous observation indicating that there is an increase in insulin-stimulated pThrAkt at 3 h postexercise in rats not fed after exercise (1) and extended this result to show enhanced insulin-stimulated pThrAkt at 27 h postexercise in rats that remained unfed. Furthermore, insulin-stimulated pThrAkt was not increased 3 h postexercise in rats that were refed. Thus, the effect of exercise on insulin-stimulated pThrAkt tracked with insulin-stimulated glucose transport for each of the protocols. However, because there was not a For rats in the 0-h PEX group, muscles were frozen immediately after dissection and used to determine the insulin-independent effect of exercise. For rats in the 3-h PEX, 3-h PEXchow, and 27-h PEX groups and their respective SED controls (3-h SED, 3-h SED-chow, and 27-h SED, respectively), 1 of the paired muscles from each rat was incubated without insulin, and the contralateral muscle was incubated with insulin. A: data are means Ϯ SE; n ϭ 6/group. *P Ͻ 0.05 (exercise effect, t-test). Open bar, 0-h SED; filled bar, 0-h PEX. B-D: data are means Ϯ SE; n ϭ 6 -10/ group. *P Ͻ 0.05 (insulin effect, post hoc test). Open bars, without insulin; filled bars, with insulin.
concomitant increase in insulin-stimulated Akt activity at 3 h postexercise in rats not refed, it seems unlikely that the elevated pThrAkt could account for improved insulin sensitivity. These data suggest that, in postexercise muscles, 1) the postexercise enhancement of insulin-stimulated pThrAkt does not induce greater than usual increase in insulin-stimulated Akt activity and 2) enhanced Akt activity is not responsible for the enhanced insulin-stimulated glucose transport postexercise. The similar Akt activity found in sedentary compared with postexercise groups is also consistent with our previous results indicating that exercise did not alter the insulinstimulated (⌬insulin) increase in phosphorylation of Akt substrates pGSK-3 and PAS-AS160 (1). The current study also found that prior exercise did not alter the ability of insulin to induce the phosphorylation of Akt substrates (as assessed by PAS-AS160, pThr 642 -AS160 and PAS-TBC1D1) in skeletal muscle. These results are consistent with a number of studies indicating that acute exercise does not amplify proximal insulin signaling in skeletal muscle.
Although elevated PAS-TBC1D1 could not explain the long-lasting increase in insulin-dependent glucose transport found at 3 or 27 h postexercise, the increased PAS-TBC1D1 tracked closely with the more transient postexercise effect on insulin-independent glucose transport (14, 50) . The exercise effects on PAS-TBC1D1 and glucose transport in the absence of insulin were both substantially elevated at 0-h PEX, and the exercise effects in both were also completely reversed in the 3-h PEX, 3-h PEX-chow, and 27-h PEX groups. This consistent association supports the idea that PAS-TBC1D1 may play an important role in contraction-stimulated glucose transport (3, 19) . The relationship between PAS-TBC1D1 and insulin-independent glucose transport with contraction or exercise is in striking contrast to the results for PAS-AS160, which remained increased without insulin at 3-h PEX and 27-h PEX compared with respective sedentary controls in the absence of an exercise effect on insulin-independent glucose transport. We previously found that wortmannin completely eliminated the contraction-stimulated increase in PAS-AS160 without altering the contraction-stimulated increases in PAS-TBC1D1 or glucose transport (19) . Furthermore, an AMPK inhibitor eliminated the contraction effect on PAS-TBC1D1 and reduced contraction-stimulated glucose transport by 65% without attenuating the contraction-induced increase in PAS-AS160. In conjunction with many other results (1, 6, 15, 19, 48) , these data suggested that AS160 phosphorylation is neither necessary nor sufficient for increased insulin-independent glucose transport after exercise or contraction. The results are also consistent with the possibility that TBC1D1 plays a role in Values are means Ϯ SE (mol/g muscle); n ϭ 6-8/group. SED, sedentary; PEX, postexercise; SED-and PEX-chow, SED and PEX rats, respectively, with unlimited access to food. Time refers to the time at which muscles were sampled relative to the completion of exercise by PEX groups. Values not marked with the same symbol ( *, #, or †) were significantly different (P Ͻ 0.05). 0 ϭ immediately PEX; 3 ϭ 3 h PEX; 27 ϭ 27 h PEX. a portion of the insulin-independent increase in glucose transport induced by exercise or contraction. Our working hypothesis is that AS160 phosphorylation is more important for insulin-stimulated glucose transport, whereas TBC1D1 phosphorylation is more important for exercise-stimulated glucose transport. Regulation of AS160 by its calmodulin-binding domain has been implicated in a portion of the contractionstimulated increase in glucose transport (31) . TBC1D1 also has a calmodulin-binding domain, but its role in contractionstimulated glucose transport has not been assessed.
Both AS160 and TBC1D1 can be phosphorylated by multiple kinases (11, 21) . Many studies have shown that in vivo exercise can activate AMPK (23, 39, 44, 48) , and Arias et al. (1) found increased pAMPK at 0-h PEX using the same protocol as that in the current study. Although increased Akt activity after in vivo exercise has been reported (44, 48) , some studies have not detected Akt activation in skeletal muscle with in vivo exercise (17, 33, 53) , including Arias et al. (1), who found unaltered pThrAkt and pSerAkt at 0-h PEX. These results suggest AMPK as a candidate for the increased AS160 and TBC1D1 phosphorylation at 0-h PEX, but we cannot rule out the possibility that Akt was transiently activated in the early stages of the exercise or a role for other kinases that were not tested.
Both AS160 and TBC1D1 can be phosphorylated on multiple sites (11, 21, 29 588 in muscle in the absence of insulin infusion (at 240 min postexercise) and with insulin infusion (at 340 min postexercise). There was no effect of prior exercise on AS160 phosphorylation detected on Thr 642 or Ser 666 or using anti-PAS. Previous research with humans had found increased PAS-AS160 at 2.5 h postexercise (44) . Although the explanation for the different results for PAS-AS160 and pThr 642 -AS160 after exercise is uncertain, there is a great deal of evidence for a persistent increase in AS160 in skeletal muscle after acute exercise.
As expected, exercise resulted in decreased muscle glycogen content. It has been hypothesized that reduced glycogen concentration is involved in the postexercise increase in insulinstimulated glucose transport (13, 34, 36) . However, activation of AMPK by AICAR can result in subsequently elevated insulin-stimulated glucose transport in the absence of altered glycogen levels (16) . Furthermore, a study that compared multiple in situ contraction protocols found that all protocols that resulted in decreased glycogen concentration also resulted in greater insulin sensitivity postexercise, but not all protocols that induced a similar decrement in glycogen levels were also characterized by improved insulin sensitivity (30) . These findings suggest that glycogen reduction may be necessary, but not sufficient, for a postexercise-induced increase in insulin-stimulated glucose transport. The reduced muscle glycogen levels at the 3-h PEX and 27-h PEX groups compared with the 0-h SED group are consistent with the idea that glycogen reduction may contribute to the postexercise increase in insulin-stimulated glucose transport, and the higher glycogen content in 3-h PEX-chow group vs. the 3-h SED group is consistent with the idea that glycogen resynthesis may contribute to the reversal of the postexercise effect on insulin sensitivity. However, the lack of difference in glycogen content between 27-h SED and 27-h PEX groups, taken together with earlier results (30) , suggests that lower glycogen values do not fully explain the mechanism for the prolonged increase in insulin sensitivity on the day after exercise.
In conclusion, the results of this study support a model in which AS160 and TBC1D1, two Rab GAP paralogs, have different roles in the postexercise effects on skeletal muscle glucose transport. The major new findings indicate that 1) elevated PAS-AS160 or pThr 642 -AS160 after exercise consistently tracked with elevated insulin-stimulated glucose transport, supporting the idea that AS160 phosphorylation plays a role in the postexercise increase in insulin sensitivity; 2) PAS-TBC1D1 was not different from sedentary control values at 3 or 27 h after exercise, when insulin-stimulated glucose transport was increased, demonstrating that the postexercise dephosphorylation of TBC1D1 is regulated differently from AS160, and PAS-TBC1D1 is not important for the postexercise increase in insulin-stimulated glucose transport; 3) insulin-stimulated Akt activity was not increased at 3 h after exercise, at which time insulin-stimulated glucose transport was enhanced, demonstrating that it cannot account for increased postexercise insulin sensitivity; and 4) the temporal relationship between the postexercise effects on insulinindependent glucose transport and PAS-TBC1D1 (both of which are elevated immediately after in vivo exercise and reversed at 3 and 27 h postexercise) supports the hypothesis that TBC1D1 phosphorylation may play a role in the transient exercise-induced increase in glucose transport in the absence of insulin. It will be important for future research to identify the unique phosphosignatures of AS160 and TBC1D1 in response to exercise and insulin to determine their protein-protein interactions (especially with 14-3-3 proteins) and to characterize how their subcellular localization is influenced by exercise and insulin.
